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Abstract: Most evaluations of modification level are done according to a specific scale based on an American Foundry
Society (AFS) standard wall chart as qualitative analysis in Al-Si casting production currently. This method is quite
dependent on human experience when making comparisons of the microstructure with the standard chart. And the
structures depicted in the AFS chart do not always resemble those seen in actual Al-Si castings. Therefore, this qualitative
analysis procedure is subjective and can introduce human-caused errors into comparative metallographic analyses. A
quantization parameter of the modification level was introduced by setting up the relationship between mean area weighted
shape factor of eutectic silicon phase and the modification level using image analysis technology. In order to evaluate the
modification level, a new method called "intelligent evaluating of melt quality by pattern recognition of thermal analysis
cooling curves" has also been introduced. The results show that silicon modification level can be precisely assessed by
comparison of the cooling curve of the melt to be evaluated with the one most similar to it in a database.
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1 Introduction
Due to their excellent castability and good mechanical
properties, Al-Si alloys are the most important and most
widely used casting aluminum alloys. A further increase
in mechanical properties can be achieved by means of a
modification treatment with Na or Sr. Without this
treatment, the eutectic silicon crystallises into an acicular
or lamellar morphology with poor properties; when a
modifying element is added, it becomes a very fine and
fibrous silicon network resulting in a remarkable increase
in elongation
[1-6].
Most current evaluations of the modification level are
done according to the standard wall chart prepared by
American Foundry Society (AFS) that attempt to classify
microstructures of Al-Si alloys with different modification
conditions. This procedure is subjective and can introduce
bias into comparative metallographic analyses. And the
structures depicted in the AFS chart do not always
resemble those seen in actual Al-Si castings. Therefore, this
qualitative analysis procedure is subjective and quite
dependent on experiences of the operators and can
introduce human-caused errors into comparative
metallographic analyses. And this procedure is also
expensive, time-consuming and can not be used to
evaluate the modification level on-line.
The on-line prediction of grain refining and modification
level is very important for quality evaluation and control
of Al-Si alloy castings. Generally, thermal analysis is used
to evaluate the melt quality. By this method, some
characteristic parameters are extracted from a cooling
curve and/or its derivative, and then a relationship is built
up between the characteristics and quality indexes such as
grain size, eutectic structure, silicon morphology and so
on. For silicon modification evaluation, the changes, the
eutectic growth temperature difference between modified
and unmodified alloys, in the Al-Si eutectic growth
temperature (ΔTE) determined from the cooling curves are
used to indicate the modification level
 [4,5]. The larger the
magnitude of ΔTE, the higher the level of modification.
Then the regression analysis and/or the artificial neural
network method are used to analyze the relationship
between them. This method requires the eutectic growth
temperature of Al-Si alloys unmodified that is not feasible
in real production. On the other hand, the eutectic growth
temperature could also be largely influenced by many
factors, i.e., the content of Si, Mg, Fe, Cu and cooling rate
*CHEN Xiang:Male, born in 1970, Ph. D., being mainly
engaged in research of materials processing
E-mail: xchen@mail.tsinghua.edu.cn
Received date: 2005-09-26 ; Accepted date: 2005-10-20of the melt and thus could make the assessment of
modification level unbelievable.
The authors brought forward a new pattern recognition
method to evaluate the melt quality
[7-10], that is the shape of
the freezing zone of a thermal analysis cooling curve
which can be served as the fingerprint of the melt quality.
This method has been used to comprehensively evaluate
the grain refining efficiency of Al-Si alloys and nodularity
of ductile irons successfully.
In this paper a quantization parameter of the
modification level was established. This method is
capable of making quantitative metallographic analysis of
modification level of hypoeutectic Al-Si alloys by setting
up the relationship between the geometry parameters of
eutectic silicon phase and modification level using image
analysis technology. Also a pattern recognition
methodology was presented for the quantitative
assessment of Al-Si eutectic modification level using
thermal analysis technique.
2 General principle of cooling curve
recognition
According to prior research of the authors
[7-10], the shape
of a cooling curve measured by a thermal couple mounted
in the thermal analysis sample cup reflects the
solidification process of melt Al-Si alloy under given
solidification condition. So it is clear that all factors
influencing the solidification process, i.e., normal
chemical composition and trace elements, grain
refinement and eutectic silicon modification etc., will
influence the shape of the cooling curve. Actually, only
the freezing zone, which is the segment of a thermal
analysis curve from liquidus temperature to the end of
eutectic solidification, is determined by solidification
procedure and corresponding to the melt Al-Si alloys
quality. In other words, the shape of the freezing zone of a
thermal analysis cooling curve can be served as the
fingerprint of the melt quality. Any tiny differentiation in
the melt quality will give rise to changing of the shape of
the cooling curve, and also similar cooling curves should
indicate similar melt quality. So we can comprehensively
evaluate the melt quality by measuring the shape of the
thermal analysis cooling curve, and the quality of the
measured melt can be evaluated by another melt whose
freezing zone shape is very similar to that of the measured
one under a fixed solidification condition.
To recognize a cooling curve, a comprehensive method
to compare cooling curves was developed. The total
difference between two cooling curves could be expressed
with the following parameter Ω:
and Ti and T
'i are the temperature values of two compared
cooling curves at the same time respectively, and n is the
number of comparison points of the two cooling curves.
In Equation (1), calculates the average
distance difference of two cooling curves, and the
parameter S indicates the fluctuation degree of them. So,
the two thermal curves must be similar when the value of
Ω is small enough. In other words, when Ω is a minimum,
the two curves must be the nearest couple, and the quality
of the two melts corresponding to the two curves must be
most similar too. In Fig. 1, Δt is the time of solidification
from liquidus temperature to the end of eutectic
solidification, Δti, is time step.
Fig. 1 A schematic diagram of the cooling
curve pattern recognition method
3 Experiment procedure
Al-7wt% Si alloys were prepared using pure aluminum
(99.99 wt %) and pure silicon (99.999 wt %). A total of
1 000 g of the Al-7wt%Si alloy ingots were melted in a 5
kW electric resistance furnace and kept at 720 °C .
Degassing was done with 0.6 % of hexachloroethane after
holding the melt for about 1 hour at 720 °C. The melt was
modified through the addition of master alloy (Al-10wt%
Sr). The melt was then stirred for 30 s with an Al2O3 rod,
after that no further stirring was carried out. An incubation
time of 15 min was allowed after Sr addition. The Sr level
was varied between 5 and 56 ppm. After holding, the melt
was poured at regular intervals into a cylindrical sand cup
(30 mm in diameter, 40 mm high and 6 mm thick). A
thermocouple, sheathed in quartz, was placed into the cup
to measure the temperature of the melt as it cooled. The
data for thermal analysis were collected using the Melt
Quality Evaluation System
 [7
] developed by our research
group.With respect to each experimental condition, the samples
were taken from the top of melt in the crucible.
Quantitative metallographic analysis specimens were cut
from the test samples close to the tips of the
thermocouples. After polishing, the specimens were
etched with 5% HF.
An image analysis system based on a Neophot 32
microscope was used to capture the images of the etched
specimens and assess their silicon modification level. The
mean perimeter, mean area and mean shape factor of
silicon were selected as possible criteria for the
assessment of modification level. Due to the solidification
of the melt poured into the sand cup is non-equilibrium,
there will be a fluctuation of the microstructure between
different areas on the same specimen section. So the
influence of the different microstructure among different
areas must be considered while using the digital image
analysis, and abundant analysis fields must be captured to
make the image analysis results representative. Our
former experiments
 [11,12
] have shown that the values of
mean area, mean perimeter and shape factor all keep
constant when the field number observed is greater than
15. Thus a total of 16 fields were measured on each
specimen's cross-section. The mean area, mean perimeter
and mean shape factor values of a specimen were the
average values for the 16 fields.
4 Results and discussion
4.1 Relatio nship between modification levels and
silicon parameters of hypoeutectic Al-Si alloys
As mentioned above, most current evaluations of
modification levels are done according to the standard
wall chart released by AFS that attempt to classify
microstructures of Al-Si alloys with different modification
conditions (Fig. 2)
[13]. With this chart, the microstructures
are classified into six standards, extremely coarse, coarse,
large, medium, fine and extremely fine. The extremely
coarse standard represents a fully unmodified structure
containing large plates and some acicular form silicon
phases; the coarse structure is a lamellar structure
obtained at a low Sr levels, some acicular silicon remains,
but the large plates are not presented in this level; the
large structure is a partial modification structure, the
lamellar structure starts to break up into smaller pieces;
the medium represents the structure in which the lamellar
structure continues to break up until it has disappeared
and a small amount of acicular phase remains; the fine
structure is a fully modified fibrous silicon eutectic
structure where the acicular phase is completely absent
and only a "fibrous" silicon is present; while the extremely
fine structure is a super modified structure in which the
fibrous silicon becomes extremely fine silicon particles
and the individual silicon particles can no longer be
distinguished under an optical microscope. This method is
quite dependent on human experience when making
comparisons of the microstructure with the standard chart.
Therefore, this qualitative analysis procedure is subjective
and can introduce human-caused errors into comparative
metallographic analyses.
To put forward a quantization parameter of eutectic
modification level of Al-Si alloys, following three
requirements must be satisfied at the same time: (1) the
quantization parameter must have an excellent
corresponding relationship with the AFS standard chart
for silicon modification levels; (2) the quantization
(a) Extremely coarse.Level 1
(b) Coarse.Level 2
(c) Large, Level 3
(d) Medium,Level 4
(e) Fine,Level 5
Fig. 2 AFS standard wall chart for silicon modification levels in Al-Si alloy (released by AFS)parameter must have obvious differences between
adjacent levels and have no index value overlap; (3) the
quantization parameter must have high accuracy and
repeatability for measurement and is not sensitive to the
errors introduced by specimen sampling, digital image
capturing, image processing, etc. Some researches
 [7,14
]
have shown that the geometric parameters and shape
factors of eutectic silicon phase, such as area, length,
width, perimeter, equivalent diameter, aspect ratio,
sphericity, may be used as quantization indexes to
evaluate the silicon modification level. Djurdjevic
 [14
]
compared the relationship between parameters such as
area, length, width, perimeter, equivalent diameter, aspect
ratio of eutectic silicon and modification levels (Fig.3).
The results have shown that the aspect ratio, area and
equivalent diameter of silicon exhibited poor
corresponding relationships with modification level,
because the silicon structure, particularly unmodified
ones, had irregular shapes and hollow areas inside them;
The width, length and perimeter parameters yielded
acceptable validity. However, gaps between adjacent
silicon modification levels are relatively small for width
and length and thus make assessments based on these two
parameters imprecise; The perimeter parameter can be
used to describe the silicon modification for more precise
measurements because it yielded a better spatial
resolution.
Fig.3 Silicon modification levels of test samples as a function
of Sr content based on various parameters
 [14
]
But in practice, any operation processing (i.e., specimen
sampling, etching, digital image acquisition, image
quantization, image enhancement, image thresholding and
segmentation, the resolution of image capture card, the
magnification and resolution of microscope) can introduce
certain calculation errors, and thus make the accuracy and
repeatability of measurement of mean perimeter of
eutectic silicon unbelievable. So a new quantization index
must be introduced to meet the requirements of scientific
research and industry production for assessment of the
modification level of eutectic silicon.
According to the AFS standard wall charts, different
modification condition samples were selected strictly to
evaluate the eutectic silicon modification level. The
characteristic parameters of eutectic silicon particles in a
field, including area, perimeter and shape factor, were
measured using the image analysis system. A total of 16
fields at different sections and/or different areas at the
same section were examined by the image analysis
system. The mean area, mean perimeter and mean shape
factor values of a specimen were the average value of the
16 fields' result. At the same time, the modification levels
of specimens were artificially determined by comparing
with the AFS standard wall charts. Figures 4-6 are the
relationship between qualitative AFS modification level
and the characteristic parameters of eutectic silicon. It can
be seen from Fig. 4 and Fig. 5 that the mean perimeter and
mean area provide a correct modification level trend.
However the distributions of these two parameters are
very different, especially in the unmodified structure. For
example, mean perimeter varies between 120 and 450 μm
in Fig. 4 and mean area between 500 and 3 000 μm
2 in
Fig. 5. The range from the minimum to the maximum
Fig. 4 Relationship between mean perimeters
of silicon and AFS modification level
Fig. 5 Relationship between mean areas of
silicon and AFS modification levelvalue overlaps greatly between adjacent levels for these
two parameters. And for a silicon structure with a high
modification level, the gaps between adjacent
modification levels become relatively small for these two
parameters. So the mean area and mean perimeter of
eutectic silicon can not be used as criteria of quantitatively
assessment of modification level.
Figure 6 shows the relationship between qualitative AFS
modification level and mean shape factor of eutectic
silicon.
Fig. 6 Relationship between mean shape factors
of silicon and AFS modification level
Shape factor is calculated as Equation 2:
Where, S is the mean shape factor of silicon; Ai
is the area of a single silicon particle and/or plate; Pi is
the perimeter of a single silicon particle and/or plate and n
is the number of particles and/or plates in a single field.
Actually, shape factor S is the mean sphericity of the
silicon particles and/or plates in a field. The nearer to 1
the S factor, the rounder the eutectic silicon and the higher
the modification level. It can be seen from Fig. 6 that the
mean shape factor of eutectic silicon also provides a
correct modification level trend and the distributions of
the parameter are not so large compare to the mean area
and mean perimeter. Although the range from the
minimum to the maximum value overlaps greatly between
adjacent levels for mean shape factor, this parameter may
be used as a criterion to quantitatively assess the
modification level of eutectic silicon. In order to meet the
requirements of quantitative metallographic analysis of
modification level, the Equation (2) for calculating the
mean shape factor of eutectic silicon must be modified.
4.2 Quantization of silicon modification level of
hypoeutectic Al-Si alloys
The modification level of hypoeutectic Al-Si alloys is
determined by the form and size of eutectic silicon
particles and/or plates. So the form and size of eutectic
silicon particles and/or plates must be comprehensively
considered while evaluating the modification level of
hypoeutectic Al-Si alloys. A mean area weighted shape
factor can be used to assess the eutectic silicon
modification level (see Eq. 3)
Where, S' is the mean area weighted shape factor of
silicon.
To put forward the quantization of eutectic silicon, the
mean area weighted shape factor of eutectic silicon
particles and/or plates in a total of 16 fields at different
sections and/or different areas at the same section were
examined by the image analysis system. The mean area
weighted shape factor values of a specimen were the
average value of the 16 fields' result. Figure 7 shows the
relationship between qualitative AFS modification level
and mean area weighted shape factor of eutectic silicon,
and the line indicates the median values of the area
weighted mean shape factor. The ranges of the various
area weighted average shape factor corresponding to
levels 1-6 are listed in Table 1. The mean area weighted
shape factor has a good correspondence with the AFS
modification level. However there is still some
overlapping between adjacent levels, the range could not
be used to evaluate the silicon modification level.
Fig. 7 Quantitative relationship between mean area weighted
shape factors of silicon and AFS modification level
The central tendency or the median value of mean area
weighted shape factor was used to define the modification
levels. This median defined the upper limits of the area
weighted average shape factor for each modification levelTable 1 The range of mean area weighted shape factors of silicon at different AFS modification level
Table 2 The median value of mean area weighted shape factor at each modification level was used
to define the upper limits of this parameter for the corresponding modification level
Table 3 Boltzman formula and corresponding statistical data for the curve-fitting equation used in Fig. 7
Fig. 8 Relationship between mean area weighted shape
factors of silicon and AFS modification level
(see Table 2), and can be used as a quantization parameter
of modification level by interpolation method. The
median mean area weighted shape factor is 0.70 at
modification level 6 and 0.39 at modification level 1. So a
silicon structure with a mean area weighted shape factor
greater than 0.70 is treated as modification level 6; while a
silicon structure with an mean area weighted shape factor
less than 0.39 is treated as modification level 1. Fig. 8
demonstrates an excellent relationship between AFS
modification level and mean area weighted shape factor of
eutectic silicon (R
2=0.9999, see Table 3).
Figure 9 is light optical photomicrographs of eutectic
silicon morphology of hypoeutectic Al-Si at different Sr
level after holding the melt for about 30 min. Figure 9 (a)
is a fully unmodified microstructure, and the others are
modified microstructure with residual Sr 4 ppm, 14 ppm,
38 ppm and 56 ppm respectively. After measuring the
mean area weighted shape factor of those images by this
quantitative metallographic method, we can get that the
modification levels are 1.0, 3.2, 3.4, 5.8 and 6.0
respectively. Compared with AFS standard wall charts,
the assessment of modification level by mean area
weighted shape factor can attain a higher resolution.
(a) Modification level 1.0
(b) Modification level 3.2
(c) Modification level 3.4
(d) Modification level 5.8
(e) Modification level 6.0
Fig. 9 Optical microstructures of Al-Si eutectic morphology as a function of silicon modification level4.3 On-line prediction of silicon modification level of
hypoeutectic Al-Si alloys by pattern recognition
of cooling curves
Although mean area weighted shape factor is highly
correlated with the AFS modification levels, this
quantitative metallographic method is expensive and
time-consuming and this kind of relationship can not be
utilized for the on-line prediction of modification level of
eutectic silicon.
It is necessary to correlate the modification levels to the
characteristics of thermal analysis cooling curves, so that
the thermal analysis system can be utilized as a tool for
the on-line measurement. Different from traditional
thermal analysis method based on the cooling curves'
characteristic parameters, the authors introduce a totally
new pattern recognition method (the principle of this
method was mentioned in section 2) based on the fact that
the similar cooling curves possess similar structure under
fixed solidification conditions. Before using this method,
a database must be built up. The database stores some
cooling curves, their corresponding modification levels
and microstructures. The modification levels by mean area
weighted shape factor were analyzed using quantitative
metallographic method. The assessment process was
implemented in the following way. The measured cooling
curve of the Al-Si alloy melt poured into a sand cup was
compared with the cooling curves stored in a database
containing many cooling curves and their respective
modification level values; if only the freezing zone, from
liquidus to the end of eutectic solidification, of the
measured cooling curve and a cooling curve in the
database were similar enough, the alloy of measured
cooling curve would have the same microstructure and the
same modification level as the alloy of the compared
cooling curve in the database. The total difference
between the two curves can be expressed with a
comprehensive parameter Ω.
Cooling curve difference Ω versus modification level
difference of Al-Si alloys after modifying is shown in Fig.
10. It is clear that modification level difference converges
to zero when the comprehensive parameter Ω, which
expresses the difference between the two cooling curves,
approaches to zero. When Ω is less than 1.5 °C , the
modification level difference between the two nearest
cooling curves is less than level 0.5. The following
example supports the conclusion drawn above. Fig. 11
shows two cooling curves with very small difference, the
eutectic growth temperatures are both 569.8 °C . The
comprehensive cooling curve difference parameter Ω
between them is 1.1. Figure 12 shows their
microstructure, and the modification level of sample A
and B is level 5.8 and level 6, respectively.
Fig. 11 Two cooling curves with small difference
( Ω =1.1 °C); The effective segments of the
cooling curves are shown on the right top
Fig. 10 Modification level difference versus Ω
Fig. 12 Microstructure corresponding to the
cooling curves shown in Fig.11
This result has supported the conclusion that the
modification level of the measuring melt can be identified
by another melt, whose freezing zone shape is very close
to that of the measured one (as long as the value of Ω is
small enough) under the same solidification condition. If
different databases are established under different plant
conditions and the number of cooling curves in the
databases is cumulated to a certain degree, the
modification level of the measured cooling curve can be
evaluated by the most similar cooling curve stored in the
database. The more cooling curves in the database, themore accurate the assessment.
Comparing with traditional thermal analysis method of
taking some critical values such as ΔTE from cooling curve
as modification level prediction parameter, the new
method introduced in this paper possesses more adaptive
ability, by which the modification level can be estimated
quantitatively. It should be stressed that this evaluation
method is not influenced by the testing condition that
must be considered in the traditional thermal analysis
method.
5 Conclusions
1. A quantization parameter of modification level of
Al-Si alloys was introduced by setting up the relationship
between the geometry parameters of eutectic silicon
particles and/or plates and modification level using image
analysis technology.
2. The mean shape factor of eutectic silicon provides a
correct modification level trend. The median value of
mean area weighted shape factor that had
comprehensively considered the form and size of eutectic
silicon particles had excellent correspondence with the
modification level, and can be utilized to evaluate the
modification level.
3. When the comprehensive cooling curve difference
parameter Ω approaches zero, the modification level
difference converges to zero. The modification level can
be precisely assessed by comparison of the cooling curve
of the melt to be evaluated with those in a database to find
the one most similar to it.
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